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Valuation, management and monitoring forest sources are crucial in today’s world 
economically and ecologically. Remote sensing provides the possibility to map the 
extent, state and spatial structure of the forest and to detect and monitor the changes at 
lower cost than conventional land surveys. Spaceborne SAR has the advantage of 
acquiring images on a global scale in all weather conditions and independently of 
sunlight; therefore it has become a powerful tool in forestry applications. 
In this thesis, five sets of dual-polarimetric (HH/VV) TanDEM-X coregistered single-
look slant-range products, acquired between September 4 and November 9, 2011, are 
processed. For each TanDEM-X/TerraSAR-X pair, the canopy height models (CHM) 
are derived from the interferometric coherence phase using the LIDAR Digital 
Terrain model as auxiliary data. Using the land cover CLC2006 data, temporal 
variations in coherence statistics, average SPC heights, penetration depths and relative 
location of SPC to treetop are mapped with respect to coniferous, deciduous and 
mixed forest classes. 
Results reveal that all parameters have certain dependencies on the forest class. 
Except coherence amplitude statistics, all parameters show sensitivity to the time of 
autumn and also to the SAR system polarization. Highest temporal variations are 
observed for deciduous forest, while coniferous forest seem to be least affected. Also, 
HH polarization is found to have stronger temporal variability than VV polarization 
for all forest classes. 
Keywords: SAR, Forest, SPC, interferometry, coherence, penetration, polarization
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1. Introduction 
 
Due to the capability of acquiring high-resolution radar images independently of 
weather conditions and day-night cycle, spaceborne and airborne Synthetic Aperture 
Radar (SAR) systems have been effectively used in numerous Earth observation 
applications more than thirty years. Military applications such as targeting, 
surveillance and exploration; environmental monitoring of polar ice, glacier, ocean 
currents, oil spill, vegetation, soil, floods; and coherent applications such as change 
detection and elevation modeling have been the main SAR applications. Remote 
sensing of forest is economically significant for today’s world and also becoming 
more significant due to the acceleration in climate and ecosystem changes. In forestry, 
most SAR studies focus on retrieving forest parameters related to the 3D structure 
such as tree height, biomass, vertical and horizontal heterogeneity as well as the 
intrinsic properties such as tree type, moisture content and leaf area index from the 
observed quantities such as backscattering coefficient and scattering phase center 
height.   
For sustainable planning of forest resources, monitoring the exchange of matter 
between the landscape and atmosphere and the energy flow in ecosystems, forest 
biomass estimation is necessary and one of the most commonly studied problems of 
SAR remote sensing. Above-ground biomass (AGB) and stem volume are closely 
related parameters which can be estimated from observed SAR signatures such as 
backscatter [1], [2] and interferometric SAR coherence [3]. Forest height retrieval is 
another problem which has been one of the main focuses of SAR remote sensing since 
it is possible to relate forest biomass to the forest height by allometric equations [4], 
[5]. It has been demonstrated that tree heights that are retrieved by single baseline 
polarimetric interferometric SAR (PolInSAR) [6], or multibaseline PolInSAR [7], [8] 
can be used in biomass estimation. If an external digital elevation model is available, 
X-band single-pol interferometric coherence can also be used to retrieve the forest 
heights by Random Volume over Ground (RVoG) inversion model [9] - [13].   
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In addition to the research related to biomass and tree heights, SAR is now becoming 
more popular in land classification applications and land cover change analysis. It has 
been demonstrated that using different sets of polarimetric features, high accuracies in 
land classification can be achieved [14] - [16]. Temporal variations on the other hand, 
provide specific information related to land cover changes such as deforestation [17], 
[18]. So far, research of the SAR remote sensing in forestry has concentrated mainly 
on these domains.   
 
1.1 Background and Motivation 
 
Research on temporal variations of SAR signatures has mostly focused on SAR 
interferometric coherence [19] or backscattering coefficients [20] – [23]. In [19] and 
[20], the analysis was done with respect to land cover including tree species. 
However, the configuration of the SAR systems were all repeat-pass which was 
greatly affected by temporal decorrelation. The recently launched TanDEM-X 
mission provides the first single-pass polarimetric interferometric radar data acquired 
from space, as time series, without the effect of temporal decorrelation. Therefore 
seasonal, monthly or even shorter term variations in SAR signatures which are 
strongly dependent on scattering mechanisms can be observed in a global scale.  
SAR scattering phase center (SPC) is a theoretical approximation of the average of all 
scattering objects in a scattering volume. SAR penetration depth is a measure of how 
deep incident SAR signal penetrates into a medium.  In literature, SAR SPC location 
and penetration depth are parameters which are not completely studied for vegetation. 
Those parameters are to be expected to vary with respect to forest type and also leaf-
on and leaf-off conditions. In simulations [24], penetration depth into coniferous type 
is found to be bigger than deciduous type for a stand with the same tree number and 
heights; however no extensive study of aforementioned parameters and their temporal 
variability on real SAR data has been published. Thus, the thesis aims to introduce an 
analysis of those coherent SAR signatures with respect to forest type and time during 
autumn. Results are expected to contribute to the evaluation of the success of 
TanDEM-X mission in forest monitoring and also provide potentially distinctive 
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information about forest types, especially for scientists who are interested in land 
cover classification. Even though the land classification accuracies were found to be 
high for land cover classes using full-polarimetric data, the classification accuracy for 
tree species was not that high [14], [15].     
 
1.2  Research Problems 
 
This thesis mainly concentrates on six problems. The first is the dependencies of 
interferometric coherence, SPC height and SPC-related statistics (mean penetration 
and the location of SPC relative to treetop) on the forest classes. The second is the 
possibility and potential of observing temporal variations in those statistics with 
spaceborne X-band interferometric radar. The third problem implies how the instant 
statistics and the temporal variations of those are related to the Julian date. 
Dependencies of the temporal variations on forest type constitute the fourth problem. 
The fifth problem investigates the relationship between variability in coherence 
amplitude statistics and variability in SPC and SPC-related statistics. The final 
problem is to seek to answer the question what the influences of SAR system 
polarization (VV or HH) are on the statistics and the variations. 
 
1.3  Thesis Structure 
 
The thesis is organized in six chapters. In Chapter 1, a general background, 
motivation, research goals and the structure of the thesis are presented. Chapter 2 
gives an overview of RADAR theory, backscattering, general SAR system properties, 
and terrain height measurement by SAR and describes the parameters affecting SAR 
interferometric coherence and phase. Chapter 3 presents the data that have been used 
in the thesis. Chapter 4 describes the methodology followed, mainly the steps of 
interferometric processing and retrieval of the parameters of interest. Chapter 5 
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presents and discusses the results of the research. Chapter 6 discusses the conclusions 
of this study and makes recommendations for future work. 
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2. Overview of Interferometric SAR  
 
In this chapter, an overview of the theoretical background is given. The terms, 
equations and expressions are introduced here which are going to be used in the 
following chapters. Section 2.1 gives an overview of radar, Section 2.2 explains the 
radar backscattering phenomenon and mechanisms, and finally Section 2.3 describes 
the SAR system formation and interferometric SAR technique of terrain altitude 
measurements. 
 
2.1 Radar 
 
Radar is an electromagnetic system that uses radio signals to detect and locate objects, 
and also extract other information from the echo signal. Radar systems operate in the 
microwave region of the electromagnetic spectrum which extends from wavelengths 
of about 1 mm (frequency 300 GHz) to around 1 m (frequency 300 MHz). Compared 
to passive sensors that rely on electromagnetic waves that have been produced by 
another source such as sunlight or thermal radiation; radar systems have their own 
transmitter. A radar transmitter transmits short bursts or pulses of EM radiation in the 
direction of interest and the radar receiver records the strength and the origin of the 
echoes or reflections. Usually radar systems require more complex hardware and 
higher power consumption that the passive microwave systems, however they can 
collect data independently of other radiation sources, such as Sun. Unlike optical 
sensors, microwave radar systems are not affected by cloud cover or mist, they 
usually operate independently of atmospheric conditions.  
Radar systems may or may not produce images, they may be ground based, e.g. ships 
and air traffic towers, or they may be mounted on a spacecraft or aircraft. Airborne 
and spaceborne radar systems are mostly imaging radar systems and they employ an 
antenna fixed below the platform and directed to the side. Such systems are called 
side-looking radar (SLR) when mounted on a spacecraft or side-looking airborne 
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radar (SLAR) when mounted on an aircraft. Modern imaging radar systems use more 
advanced data processing methods and are referred as synthetic aperture radar (SAR). 
If the radar transmitter antenna has a peak output power of    [W] and gain of   , the 
power density   [W/m2] at a range distance   is given by:     
  = 
    
      
     (3.1) 
The total amount of energy intercepted by the target is proportional to the target’s 
receiving area. Some of the incident energy is absorbed by the target and the rest is 
reflected. Reflected energy can have a certain pattern which may result in some gain 
towards the operating radar system. All these parameters are usually combined into a 
single parameter called radar cross-section ( ). When Equation 3.1 is combined with 
radar cross-section, the power density at the radar system’s receiver is    
   = 
      
(     ) 
     (3.2) 
assuming the distance from target to the receiver antenna is also equal to  . The total 
received power    is found simply by multiplying the power density    with effective 
area      [m
2
] of the receiver antenna: 
     = 
    
 
  
      (3.3) 
where    represents the gain of the receiving antenna and   is the wavelength of the 
system. Finally, 
   = 
           
  
         
    (3.4) 
The radar Equation 3.4 presented above is simplistic since it does not include the 
polarization effect and extra losses in the whole system.  
Imaging radar systems operate at a specific frequency or wavelength. For remote 
sensing with SAR, the most commonly used frequency bands are X-band (8.0 – 12.5 
GHz), C-band (4.0 – 8.0 GHz), S-band (2.0 – 4.0 GHz), L-band (1.0 – 2.0 GHz) and P 
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(0.3 – 1.0 GHz). In this thesis, only the SAR systems operating in X-band are 
considered [25] – [28].  
 
2.2 Radar Backscattering 
 
Backscatter or backscattering is the reflection of waves back to the incoming 
direction. All radars measure backscattered waves. The radar backscatter is 
significantly affected by both the system and target parameters. Frequency, antenna 
polarization and local incidence angle are considered as the system parameters; on the 
other hand, dielectric constant, surface roughness, the size, shape and orientation of 
the scatterers are counted as the target parameters. There are several scattering 
mechanisms. Two main types of scattering mechanisms are often distinguished: 
Surface and volume scattering which will be explained in the next subsection. 
 
2.2.1 Scattering Mechanisms 
Scattering mechanisms refer to the way radar signal is reflected from the target. 
Surface and volume scattering are significant scattering mechanisms to be understood 
for SAR remote sensing of forest. Surface scattering implies that the transmitted radar 
signal that has reached the terrain is reflected from a surface. The wave reflections 
from a side of building, water or open fields are all examples of surface scattering. 
Roughness (compared to wavelength) of the surface is one the most important factors 
that have a significant impact on the amplitude, phase and polarization of the signal 
reflected back to the receiver antenna. Smooth (compared to wavelength) surfaces 
tend to reflect the incoming signal into one direction; on the contrary, rough surfaces 
tend to reflect the signal into many different directions. Local incidence angle is 
another parameter that affects surface backscatter greatly. For smooth surfaces, 
incident angles less than 30° result in quasi-specular scattering and incident angles 
between 30° and 80° result in a dominating Bragg Scattering [27]. Also, incoming 
wave frequency has a considerable effect on the surface scattering. While frequency 
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8 
goes lower, the wavelength gets longer and surfaces appear smoother, therefore 
leading to a dominant specular scattering. 
Volume scattering refers to the way that the signal is not only reflected by the upper 
surface of the terrain but also by the surfaces along with elements below this surface 
canopy.  Volume scattering is mostly apparent in soil and vegetation. Amount, shape, 
orientation of the scattering objects and their relative size to the wavelength has a 
great impact on the returned wave. Additionally, there exists another scattering 
mechanism called double bounce scattering which occurs when the incoming wave is 
reflected by two surfaces which are perpendicular or near perpendicular to each other. 
In addition to parameters mentioned before, the dielectric constant of the scattering 
objects also affects the backscatter. High water content in the scattering objects leads 
to high dielectric constant and therefore results in higher reflection coefficient. Dry or 
frozen materials have usually lower backscatter power in comparison to wet materials 
[25], [26], [28].  
 
2.2.2 Radar Signal Scattering from Forest 
For typical remote sensing radar, volume scattering is most apparent in vegetated area 
and is also the dominant scattering mechanism. In vegetation, the return signal 
originates from multiple elements such as leaves, branches, trunks, bushes etc. The 
wavelength of the incident wave determines the dominant element which takes part in 
the scattering process. At L-band, main scattering elements are the branches and at C-
band and X-band they are leaves, needles, twigs, etc. [26].  In the study [29], X-band 
backscatter is found to be decreased on removal of the leaves, while there was a slight 
decrease in C-band and no decrease in L-band and S-band. 
Volume scatter in forest depends highly on the target properties as well as the radar 
system characteristics. Sizes of the leafs, branches, stalks, the density of foliage, 
height of the trees, presence of lower canopy vegetation, soil-ground conditions, 
moisture content all have significant effect on the whole process [28]. A dense canopy 
attenuates the incident wave gradually and reduces the energy reaching the ground. 
On the way back, the reflected wave is furthermore attenuated. Since water has 
relatively high dielectric constant, forest backscatter is expected to increase by the 
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both water content of the leaves and the soil. Therefore, backscatter in summer 
conditions are usually expected to be lower than winter conditions. For boreal forest, 
temperature is also a significant factor to be considered in the analysis since it directly 
affects the dielectric constant.  
 
2.2.3 Scattering Phase Center 
Volume scattering in vegetation implies that the incident signal is not directly 
reflected by top layer of the canopy but by a volume of canopy. Therefore total return 
signal can be considered as a coherent combination of many reflections. In radar 
systems, there exists a point which the return signal appears to be coming. This point 
is a theoretical approximation which represents the average of all scattering objects 
and called the scattering center. In case of InSAR systems, when the measurements 
are in units of interferometric phase, it is called scattering phase center. 
From treetop to the ground, scattering phase center is at some point depending on the 
physical properties of the forest and acquisition system properties that have already 
been discussed in the subsections of Section 2.2. For instance, it is usually located 
near canopy top in dense forest, while it is about half of the canopy height in sparse 
forest [30]. Also higher system frequencies lead scattering phase center to move 
towards the canopy top since with a decreasing wavelength, the scattering objects are 
bigger in size and therefore resulting in more reflections from leaves, branches, etc.  
    
2.3 Synthetic Aperture Radar Interferometry 
In this section, a typical SAR system and basics of SAR interferometry are explained. 
First, the formation of synthetic aperture and SAR system properties are presented, 
then the fundamentals of SAR interferometry are discussed. 
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2.3.1 SAR System 
SAR is a sidelooking radar system which synthesizes an extremely large antenna or 
aperture by taking samples looking sideways along a flight path which generates high-
resolution imagery. A typical SAR system is mounted on a spacecraft or aircraft and 
carries radar with the antenna pointed to the Earth’s surface in the plane perpendicular 
to the orbit. The target is repeatedly illuminated with pulses of radio waves by a 
beam-forming antenna called the transmitter antenna and the response returned to the 
receiver antenna or antennas at different positions are coherently detected, recorded 
and processed afterwards [31] – [33]. Figure 2.1 visualizes a typical SAR system. 
 
Figure 2.1 A typical SAR system. Adopted from [33]. 
 
The inclination of the antenna with respect to the nadir is known as the off-nadir angle 
and due to the curvature of the Earth; the incidence angle of the radiation is higher 
than the off-nadir angle. Azimuth is the term used for referring the linear distance in a 
parallel direction to the spacecraft’s orbit. The term slant range is measured 
perpendicular to LOS and indicates the distance from the radar towards each target 
[34]. 
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Polarization of the antennas is another important feature of the SAR system. It is 
possible theoretically to assign the transmitted signal one of the elliptical, circular or 
linear polarizations.  However, in practice, SAR systems are assigned the linear 
polarizations of horizontal (H) or vertical (V) by the transmitter and receiver 
antennas. Therefore, the polarization of the SAR system is one of the possible 
combinations HH, VV, HV or VH where first letter represents the polarization of the 
transmitted signal and second letter indicates the polarization of the received signal. 
In this thesis, SAR systems with HH and VV polarization are considered and 
therefore the dataset acquired with the corresponding polarizations will be called HH-
pol and VV-pol respectively [25], [28]. 
 
2.3.2 SAR Interferometry 
SAR interferometry is an established technique for collection of topographic data. It is 
applied through the construction of an interferogram using two complex SAR images 
acquired from slightly different positions or times. These differences are known as 
spatial and temporal baseline respectively. Temporal baseline is introduced when the 
SAR images are acquired through exactly the same flight tracks at different times. 
The SAR data obtained on tracks of temporal baseline contain information about the 
changes in the observed scene such as coherent movement of the scatterers due to 
earthquakes, volcanic activity and landslides. Spatial baseline, on the other hand, is 
introduced when SAR images are acquired from slightly different flight paths 
simultaneously. The spatial baseline can be geometrically separated into parallel (  ) 
and perpendicular (  ) components also known as the effective baseline (    ). 
Figure 2.2 illustrates the geometry.      is the most significant parameter in 
interferometric processing. In airborne systems,      is usually in the range of a few 
meters up to several tens, however in spaceborne systems it can go up to a few 
kilometers [26], [28].  
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Figure 2.2 Interferometric SAR formation. The image is acquired from [35]. 
 
There are several methods of collecting interferometric SAR data. In single-pass 
interferometry, two antennas are located on a single platform which is either airborne 
or spaceborne. One antenna works as a transmitter and receiver simultaneously, the 
other one works only as a receiver. In repeat-pass interferometry, a single antenna 
works as the transmitter and the receiver on a platform (spaceborne or airborne) 
which makes two or more passes over the region of interest. 
 
2.3.3 Interferometric Coherence Magnitude 
Interferogram of two complex SAR images    and     is generated by the construction 
of Hermitian product   of these two images which have to be already co-registered 
with sub-pixel accuracy: 
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Here      symbolizes the complex conjugation and <…> indicates the expected 
value. Coherence is a measure of the quality of the interferograms and defined as the 
absolute value of the normalized complex cross correlation between both images: 
  =         = 
         (  )  
√        (  )          (  ) 
   (3.6) 
Generally in literature, magnitude of the complex coherence is referred as coherence 
and in this study it is also referred the same way. Frequency-domain representation of 
fluctuations in the phase of a signal caused by time domain instabilities is referred as 
phase noise. In interferometric SAR systems, phase noise can be measured by means 
of the coherence. Coherence can take values from 0 up to 1 and, it is a measure of the 
phase noise. When coherence is equal to 1, it implies that the signal does not include 
any phase noise. Oppositely, when it is equal to 0, it means the signal is pure noise. 
For TanDEM-X mission, the observed interferometric coherence can be divided into 
several components [36], [37]: 
    =                                                                           
          (3.7) 
The component              refers to the decorrelation caused by distributed range 
and azimuth ambiguities.            stands for the azimuth spectral decorrelation 
caused by the relative shift of Doppler spectra while          represents the range 
spectral decorrelation.                 is the decorrelation caused by the quantization 
of the recorded raw data signals.             represents the temporal decorrelation 
that arises from the variations in geometry or the backscattering behavior of the 
scatterers between the times of acquisitions. For bistatic TanDEM-X acquisition 
mode, temporal decorrelation is not effective, thus can be completely neglected. 
However, [37] suggests that 3 seconds of temporal baseline is also effective in 
monostatic TanDEM-X acquisitions. The sixth term         stands for the 
decorrelation due to limited Signal-to-Noise Ratio (SNR). Thermal noise in the 
receivers leads to a coherence loss [36] in the order of: 
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where      is the SNR for interferometric channel 1 and      is for channel 2. The 
last term            refers to the decorrelation caused by volume scattering in the 
target, e.g. in vegetated areas. After azimuth and range filtering,            and 
         can be also neglected. Therefore, final interferometric coherence in our 
dataset can be expressed as: 
            =                                                 (3.9) 
Only volume decorrelation is dependent on the target properties, thus other terms can 
be considered as the additional noise to the system. It is suggested that decorrelation 
                                   can be recovered by the assumption that coherence 
over the bare surfaces should be equal to one [38]. However, this approach introduces 
a new parameter to the system and increase the number of unknowns traditional 
inversion scenarios, thus it is not applied in this study. 
 
2.3.4 Altitude Measurement of Terrains by Interferometric Coherence 
Phase 
The phase of the complex coherence is called the interferometric phase which can be 
formulated as  
  =        ( 
  {       (  )}
  {       (  )}
  )          (               )  
 (3.10) 
Interferometric phase contains both the range and topography-dependent information 
and can also be decomposed into several terms as [28, 31, 39]: 
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 ƥ +              
          (3.11) 
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The first two terms above are related to the geometry of the SAR system by means of 
perpendicular baseline   , range   and incidence angle   .    included in the first 
term is slant range difference which leads to the phase fringes which can be removed 
by flat-earth phase removal (see Subsection 4.1.5). In the second term,    includes 
the topography related information, thus the most important parameter for producing 
DEM.  ɲ refers to the coherent terrain displacement and thus the third term is related 
to the coherent movement of all scatterers within the resolution cell in the time 
interval between two acquisitions caused by earthquakes, volcanic activity or ground 
subsidence etc. The fourth term expresses the changes in the atmospheric path  ƥ 
such as electron density in ionosphere, water vapor etc.         represents the effect 
of noise and 2πn is just the phase ambiguity later to be resolved by phase unwrapping 
[28]. 
The second term in Equation 3.11 includes topographic information by means of the 
following relations [40]:  
Two SAR receivers separated by baseline   (oriented at an angle   with respect to 
local horizontal) are at elevation . The ranges   and  +   to the scatterer at the 
height   is measured independently at two receiver antennas (see Figure 2.3). 
Applying law of cosine, Equation 3.12 is obtained:  
(    )              (   )   (3.12) 
When Equation 3.12 is solved for depression angle  ,   is obtained as: 
         ( )        (3.13) 
The relationship between a variation in scatterer height    and resulting variation in 
range to the two receivers  (  ) is derived using differentials: 
  
 (  )
  
  
  
 
  
 (  )
  =  
  
  
 
 
 (  )   
     (3.14) 
From Equation 3.13,  
  
  
  =       ( )        (3.15) 
Assuming     and     , Equation 3.12 becomes 
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which yields 
 (  )
  
       (   )             (3.17) 
Combining these equations leads to the formula 
  
 (  )
  
      ( )    
    (   )      
                    (3.18) 
and finally 
            
     ( )    
    (   )      
     (  )                 (3.19) 
 
 
Figure 2.3 SAR imaging geometry for terrain altitude measurements. Image is taken 
from [40]. 
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3. Test Site and the Data 
 
In this chapter, test site and the data used in the thesis is introduced. Section 3.1 
describes the geographical characteristics of the test site. Section 3.2 presents the 
information regarding the land cover database which is used for retrieving parameters 
of interest with respect to forest types. Also, a short history of how the database is 
produced is given. Section 3.3 presents the properties of SAR data and provides 
information about satellites and the mission wherein SAR data is collected. Section 
3.4 focuses on the reference tree height and terrain measurements which are also used 
as auxiliary data. Finally, Section 3.5 presents the weather conditions during each 
SAR acquisition. 
  
3.1 Test Site 
 
The test site is located in the Kirkkonummi region of the southern Finland having the 
eastings from 352826 to 356715 [m] and northings from 6679551 to 6683440 [m] in 
UTM coordinates. In geographical coordinates, the region covers approximately N 
60° 13’ - N 60° 15’ and E 24° 20’ - E 24° 25’. A Google-Earth image of the 
approximate test site can be seen in Figure 3.1. 
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Figure 3.1 Optical image of the approximate test site. Size of the region is about 7 
km by 5 km. Image is adopted from [41]. 
 
The test site is mainly formed by lakes, agricultural fields, forest, open areas and also 
small portions of urban areas and industrial regions. It is not flat, there are many small 
hills up to 60 meters and most forest grow on those. Forest in this site is 
heterogeneous and the dominant species of the forest are Scots pine, Norway spruce, 
birch and alder. Forest inventory information shows that the stem volume can go up to 
250 m
3
/ha with maximum tree heights less than 30 m [11]. 
 
3.2 Land Cover Data 
 
In order to make the analysis of interferometric variables depending on the forest 
type, CLC2006 database has been used. CLC2006 database was an update to the 
previous project CLC2000, thus this section starts with a brief history of CLC 
Program, production process and the properties of the CLC2000 database, continues 
with how the update is conveyed.  
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The Coordination of Information on the Environment (CORINE) Programme was 
proposed in 1985 by the European Comission in order to gather information on 
priority topics about the environment such as land cover, coastal erosion, biotopes etc. 
The land cover component of the programme (CLC) contained geographical 
information on biophysical land cover. The initial version of the CLC, CLC1990 
project has been completed around the end of 1990’s. For the purpose of updating the 
CLC data, European Environment Agency (EEA) and Joint Research Centre (JRC) 
launched the CLC2000 and IMAGE2000 project. Finland did not participate 
CLC1990 project, however after Finnish Ministry of Environment signed the formal 
commitment in 2001, a new CLC2000 databases were produced for whole Finland by 
the Finnish Environment Institute (SYKE): the standard European CLC2000 and a 
more detailed version for national use. In 2005, EEA management board took a 
decision to update the CLC data in order to map the land cover changes between 2000 
and 2006, therefore Corine Land Cover update (CLC2006) is released in 2006 [42]. 
Production of CLC2000 database of Finland was based on the automated 
interpretation of satellite images and data integration with existing digital map data. 
Map data provided the information about land use and soils, and satellite images were 
used to describe vegetation type and coverage as well as in updating the map data. 
The main outputs of the CLC2000 project in Finland were the national satellite image 
mosaic (national IMAGE2000), the national CLC2000 database in vector format and 
the Finnish CLC25m raster database. Finnish CLC25m had resolution of 25x25 m and 
the classification of the database followed CLC nomenclature. The database is 
delivered in TIFF format having the dimensions of 28800x49600. Every pixel in the 
image has an 8-bit integer value corresponding to each specific class. Out of 44 total 
CLC classes, 31 exist in Finland. According to the database, dominant forest types, 
their corresponding pixel values and their percentage over whole Finland are given in 
Table 3.1. 
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Table 3.1 Forest classes and their coverage over Finland in CLC2000 database. 
Calculated pixel by pixel using the final product delivered: CLC25m. Sea, lakes, 
rivers, etc. are also included in calculation, therefore percentages are comparably 
small (considering that almost 70% of Finnish land is covered with forest) 
Forest Type Pixel Value Percentage over Finland
Deciduous Forest on Mineral Soil 18 3.18%
Deciduous Forest on Peat Land 19 1.18%
Coniferous Forest on Mineral Soil 20 19.08%
Coniferous Forest on Peat Land 21 3.73%
Coniferous Forest on Rocky Shore 22 0.83%
Mixed Forest on Mineral Soil 23 10.61%
Mixed Forest on Peat Land 24 5.09%
Mixed Forest on Rocky Shore 25 0.10%  
 
The geometric accuracy of the CLC25m product is claimed to be high [42]. The 
average lengths of residual vectors are found to be around 11 meters which is less 
than half a pixel. Most vectors are less than 20 meters. 
When compared to National Forest Inventory information, the overall classification 
accuracy of the CLC25m is around 90% at the first level wherein only five main 
classes are used: Artificial surfaces, agricultural areas, forests&semi-natural areas, 
wetlands and water bodies. At the second level, the forests were discriminated from 
the semi-natural areas and the overall accuracy was around 80%. At the third level, 
the forests were labeled within three main classes: Coniferous, deciduous and mixed 
forest and the accuracy was around 70% [42]. 
Production of CLC2006 was based on the same approach used in the production of 
CLC2000. The changes in the land cover have been detected using two methods 
combined: Evaluating differences between high-resolution land cover data sets of 
2000 and 2006, and evaluating differences between satellite data only i.e. 
IMAGE2000 and IMAGE2006. Most of the changes in land cover were due to 
national forest management. Forest cuttings and forest re-growth activities made 
around 91% of all changes. Only 1% of all changes were caused by the enlargement 
of build-up areas. Clearing of new agricultural land covered 7%. Land cover changes 
from 2000 to 2006 affected only 2.1% of the whole Finnish territory [43]. 
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In this thesis, CLC2006 25 x 25 meters resolution land cover map is used for the 
forest class dependent analysis. The original land cover map of the test site is given in 
Figure 3.2. 
 
 
Figure 3.2 CLC2006 Land Classification Image of the test site in original form. 
Every pixel corresponds to an area of 25 x 25 m. Image size is 3890 x 3890 meters. 
Tones of green (pixel intensities 18-25) correspond to the forested area of interest. 
Tones of yellow (pixel intensities 26-33) correspond to moor, meadows and sparse 
forest classes. Tones of dark blue (pixel intensities 1-3) correspond to urban and 
industrial areas. Regions of red (pixel value of 37) and dark red (pixel value of 43) 
represent the wetlands and lakes respectively. Tones of light blue (pixel values 14-15) 
correspond to the agricultural and open fields. 
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3.3 Interferometric SAR Images 
 
The radar data used in the thesis consist of 5 sets of dual-polarized (HH/VV) 
TanDEM-X/TerraSAR-X images acquired on dates September 4th, September 15th, 
October 18th, October 29th and November 9th of 2011. 
TerraSAR-X (TSX) is Germany’s first national remote sensing satellite that has been 
implemented in a public-private partnership between German Aerospace Center 
(DLR) and EADS Astrium GmbH. The objective of the mission is to provide high 
quality radar maps of the Earth’s surface for a period of at least five years. The 
satellite has also been designed to satisfy the need of private sector for remote sensing 
data. It was successfully launched from the Russian spaceport Baikonur on June 15th, 
2007 to its near-polar orbit around the Earth, at an altitude of 514 km. Its primary 
payload is an X-band radar sensor with a range of different modes of operation which 
allows it to record images with different swath widths, resolutions and polarizations. 
Since its day of release, TerraSAR-X has been acquiring many thousands data takes 
which have been further processed into image products. The quality of the products 
has been reported to often exceed the original requirements [44], [45]. 
TanDEM-X (TDX) stands for TerraSAR-X add-on for Digital Elevation 
Measurements and is a German satellite mission that has also been carried out as a 
public-private partnership between the DLR and EADS Astrium GmbH. It is a twin 
satellite of TerraSAR-X launched from the same station on June 2010, flying in a 
close formation only tens or a few hundred meters away, the two satellites have been 
imaging the same terrain simultaneously from two different angles. The main 
objective of the TanDEM-X mission is to produce a consistent Digital Elevation 
Model (DEM) of the Earth which is homogeneous in quality and unprecedented in 
accuracy from the bistatic X-Band SAR Interferometry. The TanDEM-X satellite has 
been designed for a nominal lifetime of five years and has a planned overlap of three 
years with TerraSAR-X. Together TanDEM-X and TerraSAR-X have provided the 
first single pass polarimetric interferometric data acquired from space which allows 
the acquisition of global-scale polarimetric interferometric data without the disturbing 
effect of temporal decorrelation [46], [47]. 
3. TEST SITE AND THE DATA  
 23 
A TanDEM-X acquisition can be defined as a coordinated synthetic aperture radar 
(SAR) data take by both satellites TDX and TSX. During each TanDEM-X 
acquisition, both satellites are operated in instrument modes similar to those for the 
TerraSAR-X mission. Depending on their degree of cooperation, both satellites can 
act as one coordinated and synchronized SAR instrument, or just two separate ones. 
The TanDEM-X product characteristics such as focusing quality and radiometry are 
therefore determined by the effectiveness of this coordination. Acquisition geometry 
(effective baseline, incidence angle, along and across track separation etc.) also 
increases the complexity of the SAR system characteristics and leads TanDEM-X to 
be one SAR instrument with different sensitivities to different observables on the 
ground such as decorrelation, movements, height etc. [48]. 
The systematic processing of the TanDEM-X acquisition into the operational products 
was performed by DLR’s Integrated TanDEM Processor (ITP) which has the 
functionalities of: 
- Screening of TDX/TSX data takes at the receiving stations, 
- Quality check of TDX/TSX joint acquisition, 
- Bistatic SAR focusing to Co-registered Single Look Slant Range Complex 
Products (CoSSCs) as the intermediate products which are required for further  
interferometric SAR processing, 
- InSAR processing with single and multi-baseline phase unwrapping, 
- Production of raw DEMs as the input for the Mosaicking and Calibration 
Processor (MCP) [48]. 
 
The data delivered for this study included CoSSC products and also the final products 
of ITP processor e.g. lower resolution DEMs in geographical coordinates. However, 
in this master thesis, raw CoSSCs are interferometrically processed in order to 
achieve maximum resolution possible. Five sets of dual-pol (HH/VV) TanDEM-X 
dataset which were acquired in bistatic mode are used. The center frequency is 9.65 
GHz for all acquisitions. The detailed information about the datasets can be found in 
Table 3.2. 
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Table 3.2 Properties of TanDEM-X/TerraSAR-X database used in this work 
 
Acquisition 
Date 
Acquisition 
Time 
Effective 
Baseline 
[m] 
Max. Inc. 
Angle 
[Deg.] 
Min. Inc. 
Angle 
[Deg.] 
Height of 
Ambiguity 
[m] 
Orbit 
Direction 
September 
4, 2011 
04:48:52-
04:49:05 
19.83 36.095 37.615 -301.77 Descending 
September 
15, 2011 
04:48:52- 
04:49:06 
20.24 36.090 37.618 -295.71 Descending 
October 
18, 2011 
04:48:53-
04:49:07 
31.01 36.104 37.626 -190.66 Descending 
October 
29, 2011 
04:48:53-
04:49:06 
30.81 36.100 37.617 -192.29 Descending 
November 
9, 2011 
04:48:53-
04:49:06 
34.16 36.098 37.616 -173.23 Descending 
 
 
Except the effective baseline which directly affects the height of ambiguity, 
parameters of acquisition geometry are very close to each other for all sets which 
provided a good opportunity for temporal variation analysis. 
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3.4 Tree Height Reference Measurements 
 
In this study, tree height measurements obtained by a LIDAR (Light Detection and 
Ranging) instrument are used as the reference data. Also, the digital terrain model of 
the test site that is obtained by the same instrument is used in phase unwrapping step 
of interferometric chain followed by the thesis. 
LIDAR is an optical remote sensing technology which measures the distance to the 
target by illuminating it by pulses (also known as Airborne Laser Scanning (ALS)). A 
typical LIDAR system consists of a LIDAR sensor, Inertial Navigation Unit (INU) 
and GPS. LIDAR sensor sends out the pulse of laser light and records both the travel 
time of the pulse and energy backscattered from the target. INU is used for correcting 
the pitch, roll and yaw of the aircraft. GPS is used for determining the accurate 3D 
position of the sensor relative to GPS base stations on the ground [49]. 
LIDAR is a cost effective way of generating high accuracy 3D digital terrain and 
surface models. It has been stated that LIDAR system can be effectively used for 
assessing vegetation characteristics due to its extensive area coverage, high sampling 
intensity, precise geo-locationing, accurate ranging measurements, and ability to 
penetrate beneath the top layer of canopy [50]. During last 10 years, LIDAR 
measurements have been extensively used in forestry directly or as auxiliary data. 
Many studies have been using the terrain elevation and canopy height models 
obtained by LIDAR for validation of the results obtained by other remote sensing 
techniques [10], [11], [38], [39]. 
LIDAR data used in this study was collected by laser scanner Optech ALTM 3100 
unit with 100 kHz PRF. The year of acquisition was 2008 with flight altitude of 
approximately 1 km, and target point density of 3-4 pts/m
2
. A digital surface (crown) 
model (DSM) relevant to treetops was obtained by taking the highest point within a 2 
m grid. The missing points were interpolated by Delaunay triangulation [51]. The 
canopy height model (CHM) was obtained by simply subtracting the ground DEM 
from the corresponding treetop DSM. The crown DSM was calculated by means of 
the first pulse echo while the DEM used the last pulse echo. The accuracy of the 
obtained DEM was noted to be better than 20 cm for forested terrain. The CHM had a 
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-70 cm bias in the obtained tree heights and an RMSE of 0.5 m [11]. Figures 3.3 - 3.5 
illustrate the ground model, canopy height model and the digital surface model of the 
test site: 
 
Figure 3.3 LIDAR measured canopy height model of the test site. Size of the image 
is 3890 by 3890 meters. 
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Figure 3.4 LIDAR measured digital terrain elevation model of the test site. Size of 
the image is 3890 by 3890 meters. 
 
Figure 3.5 LIDAR measured digital surface (crown) model of the test site. Size of 
the image is 3890 by 3890 meters. 
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3.5 Weather Data 
 
The weather history data used in this work is taken from Weather Underground 
(Wunderground) [52] for Kirkkonummi region of Finland. Wunderground is a 
commercial weather service which provides real-time weather information via the 
internet. It was founded as a part of the internet weather database of University of 
Michigan, in 1995. In the same year, Weather Underground, Inc. evolved as a 
separate commercial entity from the university. Since July 2, 2012, Weather 
Underground have been operating under the Weather Channel’s subsidiary, the 
Weather Channel Companies, LLC. Weather Underground provides weather reports 
for most major cities across the world online and also local reports for newspapers 
and websites [53]. 
Wunderground history database contain hourly information of temperature, dew 
point, humidity, pressure, visibility, wind direction and speed, events and conditions 
such as rain, fog and average precipitation. The acquisition times of the TanDEM-X 
datasets differ only by seconds (see Table 3.2), around 04:48 - 04:49. Wunderground 
history data present weather information of every half an hour during the day. The 
time of the day that is closest to the TanDEM-X acquisition times is 04:50 on 
Wunderground database. Table 3.3 presents the weather conditions at 04:50 of the 
relevant dates. Temperature, humidity, wind speed and conditions are instant at 04:50 
for the Malmi region of Helsinki which contains the test site. However precipitation 
information was not available for Malmi region, therefore data about the center 
Helsinki region is given for the previous three days before each acquisition.  
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Table 3.3 Weather conditions regarding the TanDEM-X/TerraSAR-X acquisitions. 
Retrieved from [52]. 
 
Acquisition 
Date 
Temperature Humidity Wind Speed Conditions Precipitation 
of Previous 
Three Days 
September 
4, 2011 
8.0 °C 100% Calm Mist 1.0 - 0.7 - 0.0 
mm 
September 
15, 2011 
13.0 °C 77% 16.7 km/h Partly 
Cloudy 
6.0 - 0.0 - 2.0 
mm 
October 
18, 2011 
9.0 °C 87% 20.4 km/h Overcast 0.0 - 0.0 - 0.0 
mm 
October 
29, 2011 
10.0 °C 94% 14.8 km/h Mostly 
Cloudy 
0.0 - 0.0 - 0.0 
mm 
November 
9, 2011 
- 1.0 °C 100% 3.7 km/h Fog 0.0 - 0.2 - 0.0 
mm 
 
Since SAR data that is used in thesis is obtained by bistatic single-pass TanDEM-X 
acquisitions, temporal decorrelation is not effective. Therefore wind speed is not a 
factor of interest anymore. However other factors affect the reflectivity of the forest, 
therefore also the parameters investigated in this thesis. 
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4. Processing of the Data 
 
The TanDEM-X and TerraSAR-X data delivered includes 8 sets of Coregistered 
Single look Slant Range Complex (CoSSC). CoSSCs are the intermediate products 
produced by DLR’s Integrated TanDEM Processor. Since they are already co-
registered complex images, they are to be interferometrically processed by the user 
for generation of DEM’s or further purposes such as coherence behavior analysis, 
production of land classification maps etc.  
Only 5 sets of CoSSCs had very similar acquisition geometry, time and coverage of 
the Finland and therefore used in this work (see Section 3.3). Data processing in this 
work have been done in two main steps: Pre-processing and post-processing. Section 
4.1 presents the steps and algorithms used in pre-processing and Section 4.2 gives a 
detailed overview of post-processing. 
 
4.1 Pre-processing 
 
Pre-processing of the CoSSCs includes the steps of conversion of CoSSC products 
into 32-bit complex floating point format for MATLAB processing, interferometric 
coherence calculation by the converted complex images, vertical wavenumber 
calculation, flat earth phase removal and geocoding. Final outputs of the pre-
processing are complex coherence and vertical wavenumber maps of the 5 sets of 
TanDEM-X dual-polarimetric (HH/VV) in WGS84 Geographic Coordinate System.  
 
4.1.1 Conversion of CoSSC Products 
The CoSSC files originally come with the extension of “.cos”. DLR has released 
TerraSAR-X/TanDEM-X SSC/CoSSC Reader for IDL and ENVI on February 01, 
2012. However, there is no officially released SSC/CoSSC reader for MATLAB yet. 
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In order to read the data in MATLAB, CoSSCs are converted into 32-bit complex 
floating point format with a Java software which was made available in an earlier 
project [54]. The dimensions of the converted CoSSC products are presented in Table 
4.1.  
 
Table 4.1: Dimensions of the converted CoSSC products with respect to acquisition 
date 
Acquisition Date Dimensions
September 4, 2011 12346 x 24098
September 15, 2011 12334 x 24098
October 18, 2011 12368 x 24098 
October 29, 2011 12368 x 21526
November 9, 2011 12368 x 24098  
 
 
4.1.2 Reading Converted Products in MATLAB 
Since the format of the data is 32-bit complex floating point, it is not possible to read 
whole data using MATLAB on 4 GB Random Access Memory (RAM) computers. 
Thus, the data is preferred to be read in smaller regions that include the test site. As an 
example, absolute value maps of the master and slave complex images are given in 
Figure 4.1 and Figure 4.2. The date of acquisition is September 4, 2011 and the 
polarization mode is HH. Images are in slant range coordinates. Topography-related 
information is visible on both slave and master images. Since the backscattering from 
lakes is lower than the rest, they look darker.  Also angle of the same complex images 
are given in Figure 4.3 and Figure 4.4. Figures suggest that the phase of a single SAR 
image is just a random noise. Subsection 4.1.3 will show how two random noises can 
produce a useful phase pattern with interferometric coherence calculation.  
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Figure 4.1 Absolute value of the complex TerraSAR-X image (Master). The date of 
acquisition is September 4, 2011 and unit of the colorbar is decibels. 
 
Figure 4.2 Absolute value of the complex TanDEM-X image (Slave). The date of 
acquisition is September 4, 2011 and unit of the colorbar is decibels. 
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Figure 4.3 Phase of the complex HH-pol TerraSAR-X image (Master). The date of 
acquisition is September 4, 2011. 
 
Figure 4.4 Phase of the complex HH-pol TanDEM-X image (Slave). The date of 
acquisition is September 4, 2011. 
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4.1.3 Interferometric Coherence Calculation 
As already shown in Equation 3.8, coherence of the complex images is estimated 
through a maximum likelihood estimator in the form: 
  = 
∑   ( )     (  ( ))
 
   
√∑   ( )     (  ( ) )
 
   
 √∑   ( )     (  ( ))
 
   
     (4.1) 
   and    refer to the master and slave complex images respectively;   is the number 
of pixels in the estimation window. For this work, estimation window was chosen to 
have dimensions of 15 x 15, whereas each pixel of the window has equal weight. 
Figure 4.5 shows the absolute value of the coherence for the HH-pol set acquired on 
September 4, 2011 obtained by Equation 4.1. Figure 4.6 presents the phase of the 
coherence for the same set. Since geocoding has not been done yet, the maps are in 
slant range coordinates. 
 
Figure 4.5 Absolute value of the complex coherence for the set acquired on 
September 4, 2011. Calculated with an estimation window of 15x15. Tones of blue 
correspond to lakes in the region (see the colorbar). 
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Figure 4.6 Phase of the complex coherence for the set acquired on September 4, 
2011. Calculated with an estimation window of 15x15. The colorbar is in radians. 
Fringes seem to have a constant frequency. A tilt is observed due to the displacement 
in azimuth direction. 
 
4.1.4 Vertical Wavenumber Calculation 
The vertical wavenumber    is a parameter that includes interferometric information 
specific to measurement setup. It is directly related to the radar frequency , incidence 
angle    and incidence angle difference between each interferometric 
measurement    .    is calculated as: 
    =  
   (   ) 
 (  )
      (4.2) 
Above,   represents the speed of the light. Vertical wavenumber varies along the 
range and depends on the flight track [11]. Vertical wavenumber maps are later going 
to be used in phase unwrapping. Figure 4.8 presents the vertical wavenumber map for 
the data acquired on September 4, 2011. The incidence angles are calculated by the 
header files that contain information about the acquisition geometry of the 
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coregistered products. Polarization mode is HH and the map is in slant range 
coordinates.  
 
Figure 4.7 Vertical wavenumber for the acquisition on September 4, 2011. In 
azimuth direction, the value is constant, however in the range direction it increases. 
. 
4.1.5 Flat Earth Phase Removal 
In Subsection 2.3.4, the decomposition of the interferometric phase into several 
parameters was demonstrated. The first term of the decomposed interferometric phase 
(see Equation 3.12) is always present in SAR measurements since the slant range 
displacement grows bigger with the increasing incidence angle. Therefore, the flat 
earth pattern has to be removed in order to obtain pure elevation above the measured 
area. The flat earth phase map is produced using the equation provided by [55] 
   =     (
      (    )   
  (  )    (  )
)    (4.3) 
whereas ∆  corresponds to the slant range displacement in terms of incidence angle. 
For the same set of TanDEM-X/TerraSAR-X data which is used in the previous 
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subsections, phase of the flat earth removal matrix looks like as in Figure 4.9 
disregarding the tilt in azimuth direction: 
 
Figure 4.8 Phase of the flat earth removal map. Acquisition date of the data is 
September 4, 2011 and the polarization mode is HH. Effect of the displacement in 
azimuth direction is not taken into account. 
 
After multiplication of the flat earth removing matrix with complex coherence map 
shown in Figure 4.7, the result showed that the flat earth phase removal was not 
successful. Figure 4.10 shows the outcome of the unsuccessful operation. Here, in 
range direction, phase seems to be successfully removed; however in azimuth 
direction it is obvious that the operation was unsuccessful. Thus, it has been 
compulsory to consider the effect of displacement in the azimuth direction. Since the 
displacement information was not available in the header files of the dataset, it is 
calculated from the original interferometric phase maps and optimized by inspection 
for each dataset. The outcome of the tilting process, the new flat earth phase removing 
matrix, is shown in Figure 4.11. The final products of the flat earth phase removal are 
calculated by matrix multiplication of the new flat earth removing matrices with the 
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complex coherence maps. Figure 4.12 shows the final version of the coherence angle 
map. The correction made removes the phase pattern also in azimuth direction. 
Topographic information can easily be seen and the maps are ready for the next steps 
of interferometric processing chain. 
 
 
Figure 4.9 Phase of the complex coherence after unsuccessful flat earth removal. 
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Figure 4.10 Phase of the new flat earth removal map considering the effect of 
azimuth displacement. 
 
Figure 4.11 Phase of the complex coherence after successful flat earth removal. 
Phase pattern in azimuth direction is also removed after the correction made. 
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4.1.6 Coordinate System Transformation 
After the completion of flat earth phase removal stage, coherence and vertical 
wavenumber maps are needed to be transformed into a common coordinate system 
with the ground truth maps, namely, LIDAR CHM, DTM and CLC2006 land cover 
maps. LIDAR CHM and DTM were received in UTM coordinates, CLC2006 was in 
Finnish National Grid Coordinate System and the processed TanDEM-X/TerraSAR-X 
data are in slant range coordinates. As the common coordinate system, UTM was 
chosen since it is well-known and commonly used. The corner coordinates of the 
LIDAR data was known beforehand and thus area covered by LIDAR is chosen as the 
test site (see Section 3.1). It is preferred first to transform the corner coordinates from 
UTM coordinates to Finnish National coordinates, and then basically the 
corresponding region is cropped from the CLC2006 land classification map. 
Transferring the TanDEM-X/TerraSAR-X data to UTM coordinates has been done 
using the algorithm developed during the project [54]. One can check [54], [56] for 
more information about process. Errors in the order of a few meters are corrected by 
comparing the coherence maps with LIDAR and CLC2006 maps. Offset values are 
set to the algorithm until the perfect fit between all maps are achieved. A sample 
result of the coordinate transformation is given in Figure 4.13. Phase of the complex 
coherence for the data obtained on September 4, 2011 is shown. Small amount of 
holes observed in the map are due to the nature of the transformation process and also 
blue regions observed around some of the corners. They are represented as NaNs (not-
a-number) in the image where the information about them does not exist. The 
resolution of the image is 2 x 2 meters and the dimensions are 1945 x 1945, therefore 
representing a total area of 3890 x 3890 meters.  
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Figure 4.12 Phase of the complex coherence after the conversion to UTM 
coordinates. 
 
Two-dimensional linear interpolation is applied in order to recover the missing pixels 
in the coherence and vertical wavenumber maps. Results of the interpolation are 
shown in Figures 4.14 and 4.15.  
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Figure 4.13 Phase of the complex coherence after two-dimensional interpolation in 
UTM coordinates. 
 
Figure 4.14 Vertical wavenumber after two-dimensional interpolation in UTM 
coordinates. 
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4.2 Post-processing 
 
In this section, the steps of the post-processing are described. Subsection 4.2.1 
presents the method applied for fitting the LIDAR ground phase to the interferometric 
SAR phase and the results of the fitting operation. Subsection 4.2.2 describes how the 
tree heights are retrieved from the interferometric SAR phase. Finally, Subsections 
4.2.3 and 4.2.4 present the last steps of the whole processing chain. Specifically, the 
method followed in retrieval of interferometric coherence statistics is described in 
Subsection 4.2.3, and Subsection 4.2.4 presents the method used in calculation of SPC 
height, penetration depth and relative location of SPC to treetop statistics. 
 
4.2.1 Phase Unwrapping 
Phase unwrapping is one of the key steps of interferometric chain for generation of 
DEM’s. It is applied by adding the correct integer multiple of     to the 
interferometric fringes. There are several methods of phase unwrapping, in this work 
it is preferred to fit the LIDAR measured ground phase to the interferometric SAR 
phase as proposed in [10] and [11]. LIDAR Digital Terrain Model (DTM) and 
Canopy Height Model (CHM) are highly accurate measurements of forest vertical 
structure and Digital Surface Model (DSM) is simply obtained by their addition. For 
SAR measurements, highest coherence values usually belong to the open areas; 
consequently those areas are the most accurately measured regions. Therefore, it is 
preferred to fit the LIDAR measured DSM phase to the SAR phase through open 
areas. Equations 4.4 and 4.5 introduced in [11] describe how the fitting is done. Using 
the vertical wavenumber   , the original LIDAR DTM       and two unknowns        
and       later to be retrieved by the optimization problem (4.5), the wrapped phase 
    of the LIDAR DTM is obtained. 
    =     (      +        ) +          (4.4) 
{      ,    } =         ||   (  (    (              )         ))–     (        )||
 
 
(4.5) 
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where          is the measured ground phase of the open areas. Open areas are 
determined using the absolute value of all five sets of coherence maps. The product 
          of coherences is calculated as: 
          =                        (4.6)  
where   ’s are the complex coherences of five TanDEM-X pairs. The pixels satisfying 
the condition            > 0.4 and having the average tree height less than 3 meters 
(calculated within a 10 x 10 averaging window) are used in the optimization problem 
since the interferometric coherence should be high and canopy height should be really 
low for open areas. The points satisfying the aforementioned conditions are validated 
using land cover data. Solutions       ,       of the optimization problem are used in 
Equation 4.4 and finally, LIDAR DTM phase is fitted to the each interferogram 
separately. Figure 4.15 shows the result of the fitting operation using the SAR data 
obtained on September 4, 2011. Comparing SAR phase (Figure 4.13) with LIDAR 
DSM phase, it is not easy to claim that the fitting operation was successful. For better 
comparisons, two strips of LIDAR DSM phase and SAR phase are plotted in north-
south and east-west directions.  Strips correspond to the 1000
th
 column and 1000
th
 row 
of the maps. Figure 4.16 shows the phase profiles in east-west and Figure 4.17 shows 
the phase profiles in north-south direction.  
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Figure 4.15 LIDAR measured DSM phase angle after the fitting operation. 
Resolution is 2 x 2 meters. Dark blue regions around some of the corners contain no 
information and represented by not-a-number (NaN) in MATLAB. 
 
 
 
4. PROCESSING OF THE DATA                                 
46 
 
Figure 4.16 SAR, LIDAR ground and treetop phase heights in vertical direction. 
Profiles correspond to the 1000
th
 column of the SAR phase angle, LIDAR DTM and 
LIDAR DEM maps. 
 
Figure 4.17 SAR, LIDAR ground and treetop phase heights in horizontal direction. 
Profiles correspond to the 1000
th
 row of the SAR phase angle, LIDAR DTM and 
LIDAR DSM maps. 
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According to Figures 4.16 and 4.17, the LIDAR ground phase and SAR 
interferometric phase are in good agreement. The big oscillations in the SAR 
interferometric phase are caused by the lakes where SNR is very poor. In comparison 
to variations in LIDAR treetop phase, oscillations caused by the water are much 
higher since the height of ambiguity for the TanDEM-X/TerraSAR-X acquisition at 
September 4, 2011 is -301.77 meters which is almost ten times higher than the 
maximum tree heights (~30 m) in the test site. For other four sets of TanDEM-
X/TerraSAR-X acquisitions, the same procedure is applied and for each set, LIDAR 
ground phase is wrapped to SAR phase one by one. 
 
4.2.2 Retrieval of Tree Heights by SAR Coherence Phase 
In order to investigate temporal variations in scattering phase center (SPC) height and 
related parameters with respect to forest type, the tree height map from the SAR phase 
needs to be extracted. First, ground phase in SAR coherence phase is removed by 
simply multiplying it with the complex conjugate of fitted LIDAR ground phase. 
After removal, absolute value of the SAR phase is directly related to the tree heights 
by vertical wavenumber: 
        = (    )(       )   (4.7) 
Figure 4.18 illustrates the CHM retrieved directly by SAR interferometric phase of 
the set acquired on September 4, 2011. Because of the noisy nature of the TanDEM-
X/TerraSAR-X data, there are some regions with retrieved tree heights larger than 30 
meters. That is not possible according to the forest inventory information and highly 
accurate LIDAR CHM measurements of 2008. However, between 2008 and 2011, a 
little more growth can be expected in forest heights, therefore tree heights larger than 
32 m are equalized to 32 m instead of 30 m.  
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Fig 4.18 TanDEM-X/TerraSAR-X canopy height model retrieved by the data 
acquired on September 4, 2011. Red region around the eastings index [0, 88] and 
northings index [1200, 1700] will be filtered afterwards. 
 
4.2.3 Retrieval of SAR Coherence Statistics 
For each of interferometric pair acquired on September 4, 2011, September 15, 2011, 
October 18, 2011, October 29, 2011 and November 9, 2011; interferometric SAR 
coherence maps were obtained for both the HH and VV polarized datasets. Since none 
of the maps had the same coverage of test site, only the common region that exists on 
each map is taken into account. The original CLC2006 land classification map was in 
25 x 25 meters resolution. Upsampling with nearest neighbor interpolation is therefore 
applied to the CLC2006 image in order to satisfy pixel by pixel matching between 
SAR and CLC2006 images. Finally for the dominant forest classes in CLC2006 
image, mean and standard deviation of the coherence amplitudes are calculated 
pixelwise.  
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4.2.4 Retrieval of SAR SPC Height and Related Statistics 
As already mentioned in Subsections 2.2.2 and 2.2.3, volume scattering is the 
dominant scattering mechanism in vegetation and therefore the scattering center is 
expected to be somewhere between upper surface of the vegetation and the ground. 
SPC height is an indicator of the penetration depth of the SAR signal into the 
vegetation canopy. Dense forest is expected to have lower penetration depths in 
comparison to sparse forest, therefore higher SPC heights. Also, leaf-on and leaf-off 
conditions are expected to affect SPC heights and the penetration depths. It is 
expected that in the leaf-on conditions of the summer and early fall the SPC heights 
should be located to be nearer to the upper surface of the canopy compared to leaf-off 
conditions of winter time for deciduous forest. Also, an increase in penetration depth 
is expected while leaves/ needles of the trees change their color which results in lower 
reflectivity due to decreasing water content.  
In order to examine the variations in SPC heights and penetration depths with respect 
to forest type during the season of fall, three variables are analyzed. The first variable 
is the mean of SPC heights with respect to forest class. It is preferred to define it as 
the average of CHM maps which is basically the average tree height when it is 
directly derived by interferometric phase. Pixel by pixel for the corresponding forest 
class, the average retrieved tree height is calculated separately for each CHM.  
The second parameter investigated is the penetration depth of the SAR signal. It is 
preferred to characterize it as the difference of LIDAR measured CHM and the CHM 
retrieved by SAR coherence phase. In this analysis, the height difference is calculated 
for each pixel with LIDAR CHM heights higher than 10 meters since it has been 
claimed that a ground contribution to the SAR return signal is highly probable for tree 
heights less than 10 m [11]. The negative values caused by SAR tree heights that 
exceed LIDAR’s are also taken into account. Pixel by pixel for each forest class of 
interest, the average penetration depth is calculated, again individually for each 
dataset. 
The third parameter, relative location of SPC to the treetop is calculated by dividing 
the SPC height to the LIDAR tree height for each pixel for tree heights higher than 10 
meters in LIDAR CHM. The parameter defines the relevant location of SPC with 
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respect to the LIDAR tree height. Again, it is calculated for each forest class of 
interest, specific to each dataset.  
Those parameters do not present the precise values due to the facts that: 
- LIDAR data was obtained in 2008 and TanDEM-X/TerraSAR-X dataset were 
acquired in 2011. In the three years between those acquisitions, forest is 
expected to grow and also there might be some harvesting. 
- Due to highly noisy nature of TanDEM-X/TerraSAR-X dataset, coherence 
calculation is done in an 15 x 15 equally weighted averaging window, thus 
SAR coherence phase is not highly sensitive to the fast variations in forest 
canopy structure whereas LIDAR is. 
- Original resolution of LIDAR data was also diminished to 2 x 2 meters which 
also has deteriorated the forest information. 
- Due to the coordinate transformation from slant range to UTM, there have 
been some pixels with no information produced. They were filled by linear 
two-dimensional interpolation; however this process deteriorates the forest 
sensitive information in SAR images.     
Despite the fact that those parameters do not provide precise information about SPC 
and other statistics, they can be used to map the temporal variations in forest 
satisfactorily. Since the focus of this study is to analyze the temporal and forest class-
specific variations in average forest parameters, neither big coherence averaging 
window nor 3 year difference between the LIDAR and SAR acquisitions constitute a 
problem for the relativity analysis that has been conducted. However, accuracy of the 
relativity analysis is reduced considerably due to resolution and classification 
accuracy of the CLC2006 land cover database. The original resolution of the database 
was 25 x 25 meters, which is actually very low in comparison to radar data with 2 x 2 
meters resolution. Also, it has been reported that classification accuracy of the 
CLC2006 product is about 70% at the classification level where the forested area is 
separated into three main groups: Deciduous, coniferous and mixed. At the next level, 
these groups were also classified according to the ground conditions: On mineral soil, 
on peat land and on rocky shore. The database used in this work is in this 
classification level. The accuracy is not specified at this level; however, it is expected 
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to be lower than 70%. Therefore, confusion in the forest classes will be the most 
important factor which will decrease the accuracy of the analysis which is based on 
the forest classes.    
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5. Results and Discussion 
 
In this chapter, the results of the forest class-dependent temporal variability analysis 
are presented. Comparisons are made about the relevant parameters and their temporal 
variations and the results are discussed. Section 5.1 presents the results and the 
discussion of our analysis made on HH-pol dataset. Section 5.2, on the other hand, 
presents the results of the same analysis made on VV-pol dataset and also makes 
comparison between VV-pol and HH-pol dependencies.    
 
5.1 HH-Pol Acquisitions 
 
This section presents and discusses the results of forest type-specific temporal 
variation analysis applied to the HH-pol SAR data. In Subsection 5.1.1, the parameter 
of the interest is interferometric coherence magnitude. In Subsection 5.1.2, the other 
three parameters (SPC height, penetration depth and relative location of SPC to the 
treetop) are considered since these three are actually not independent of each other. 
 
5.1.1 Temporal Variations in Interferometric Coherence with respect to 
Forest Type 
Section 4.1 described the method that is used to produce interferometric coherence 
magnitude maps. For all five HH-pol TanDEM-X/TerraSAR-X datasets, the method 
is applied and coherence maps are obtained. Average coherence values and the 
standard deviation of the coherence values for dominant forest classes in CLC2006 
database are calculated for each map as described in 4.2.3. In order to map the 
patterns and variations clearly and more visually, results are presented in both table 
and line format. Table 5.1, Table 5.2, Figure 5.1 and Figure 5.2 present the results of 
our analysis.   
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Table 5.1 HH-pol mean of coherence magnitude with respect to forest class and 
date of acquisition. 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.894 0.827 0.851 0.872 0.863
Forest Class Coniferous 0.864 0.808 0.823 0.839 0.826
Mixed 0.886 0.818 0.842 0.862 0.851
Date of Acquisition
 
 
 
 
Fig 5.1 HH-pol mean of coherence magnitude with respect to forest class and date 
of acquisition. 
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Table 5.2 Standard deviation of coherence magnitude with respect to forest class 
and date of acquisition. 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.04 0.073 0.044 0.038 0.038
Forest Class Coniferous 0.063 0.089 0.064 0.059 0.067
Mixed 0.049 0.084 0.052 0.049 0.053
Date of Acquisition
 
 
 
 
Fig 5.2 Standard deviation of coherence magnitude with respect to forest class and 
date of acquisition. 
 
Figures and Tables 5.1 and 5.2 illustrate that: 
- Average coherence is always highest for deciduous forest and lowest for 
coniferous forest. 
- Standard deviation of the coherence values is always highest for coniferous 
forest and lowest for deciduous forest. 
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- The acquisition on September 15 is highly affected by the phase noise which 
increased its standard deviation of coherence values.  
- If average coherence increases from one acquisition to another, standard 
deviation decreases and vice versa. 
As explained in Subsection 2.3.4, only target dependent decorrelation in TanDEM-
X/TerraSAR-X pair is volume decorrelation. In other words, the differences between 
the coherence statistics of distinct forest classes are related to the strength of the 
volume scattering. Obviously in every acquisition, volume scattering is most 
significant for coniferous forest while it is the least effective in deciduous trees. 
Highest temporal variations are recorded for deciduous and mixed forest, which can 
be considered as the result of the leaf/needle drop which takes place during autumn. 
At this point it is not reasonable to comment on temporal variability more because 
each coherence set is affected differently by the target-independent decorrelation 
                                 , therefore it is really hard to retrieve the exact 
values for volume decorrelation. Also, analyzing the weather conditions during each 
acquisition, high decorrelation in the data acquired on September 15, 2011 must be 
related to the rainy conditions of the previous days since water over the surfaces have 
decorrelating effect. Higher standard deviation values of the coniferous forest shows 
the less homogeneous structure of the forest and its distribution on land.   
 
5.1.2 Temporal Variations in SPC Height and Related Statistics with 
respect to Forest Type 
Five sets of HH-pol TanDEM-X/TerraSAR-X data are processed using the 
interferometric chain described in Chapter 4. CHM for each set is obtained. Figures 
5.3 - 5.8 illustrate the CHM maps obtained by SAR and the LIDAR. 
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Fig 5.3 CHM retrieved by the data obtained on September 4, 2011. 
 
 
Fig 5.4 CHM retrieved by the data obtained on September 15, 2011. 
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Fig 5.5 CHM retrieved by the data obtained on October 18, 2011. 
 
 
Fig 5.6 CHM retrieved by the data obtained on October 29, 2011. 
5. RESULTS AND DISCUSSION                                                                                
58 
 
Fig 5.7 CHM retrieved by the data obtained on November 9, 2011. 
 
 
Fig 5.8 LIDAR measured CHM. 
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Figures 5.3 - 5.8 illustrate that: 
- The 5 CHMs produced by SAR interferometric chain follow a similar pattern; 
however, the acquisitions in September produced a CHM with higher tree 
heights than acquisitions in October and December. 
- SAR CHMs also follow a similar pattern with LIDAR CHM; however, the 
sensitivity of SAR to the canopy height variations is lower than that of 
LIDAR. 
- Smoothness of SAR produced CHMs depends on the average coherence of the 
interferogram or simply the SNR. Higher noise in the interferogram causes 
higher decrease in average coherence, thus less smooth CHM. The highest 
decorrelation was found in the data acquired on September 15, 2011; therefore 
the noise contribution to CHM is more and reducing the smoothness. 
- An indicator of the noisy conditions is the amount of the reddest point in the 
CHM, since the retrieved tree heights higher than 32 m is equalized to 32 m. 
Acquisition on September 15, 2011 has the biggest amount of reddest points.   
The CLC2006 Finnish Land Classification map includes three dominant classes of 
forest: Deciduous forest on mineral soil, coniferous forest in mineral soil, mixed 
forest in mineral soil. Pixelwise for each class, the parameters mean SPC height, mean 
penetration depth and mean relative location of SPC to the treetop is calculated. 
Subsection 4.2.3 presented how these parameters are defined and calculated. Result of 
the mean SPC height analysis is presented in Table 5.3 and Figure 5.9.  
 
Table 5.3 Mean SPC heights [m] with respect to acquisition date and forest class 
(HH-pol). 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 9.79 8.75 6.88 6.35 6.58
Forest Class Coniferous 9.19 8.57 7.18 7.01 7.06
Mixed 9.16 8.23 6.49 6.13 6.22
Date of Acquisition
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Figure 5.9 Mean SPC heights with respect to acquisition date and forest class (HH-
pol). 
 
Figure 5.9 and Table 5.3 show that: 
- In September acquisitions average SPC height is highest for deciduous forest, 
lowest for mixed forest and coniferous forest comes in the middle. 
- In October and November acquisitions, average SPC height is highest for 
coniferous forest, lowest for mixed forest and deciduous forest comes in the 
middle. 
- There is a gradual decrease in the retrieved average tree heights from 
September 4 acquisition until October 29 acquisition, and then a small 
increase from October 29 acquisition to November acquisition. 
- The biggest variation in mean SPC heights occurred in the interval between 
September 15 and October 18. 
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- The highest decrease in average SPC heights during autumn is observed in 
deciduous forest type which is equal to 3.44 meters. The decrease was 3.03 
meters for mixed forest and only 2.17 meters for coniferous forest. 
- Average SPC height for mixed forest is always the lowest within the three 
classes.  
 
Gradual decrease in the mean SPC heights is caused by the leaf and needle drop and 
color change which starts in early September and continues until November. The 
change in the average retrieved tree heights between October 18 and November 9 
acquisitions is small in comparison to the change from September to October which 
indicates the major leaf drop have occurred during from early September to mid-
October. Deciduous trees (alder and birch in test site) are known to drop their leaves 
during autumn. Coniferous forest on the contrary is known to keep most of their 
needles during winter. However, it has been reported that Scots pine also drop or lose 
their needles periodically [57] or diseases can cause needle loss in Norway spruce 
[58]. Also the accuracy of the CLC2006 land classification map is less than 70%, thus 
we expect confusion in forest type classification. As a consequence, gradual drop in 
coniferous forest statistics are also expected. For these reasons, it is expected that 
highest temporal drop in average SPC height would belong to the deciduous forest 
and lowest to the coniferous forest. Since mixed forest can be considered as the mix 
of coniferous and deciduous kinds, the drop in the SPC is expected to be between. 
That is exactly what is observed in our analysis of TanDEM-X/TerraSAR-X data. The 
small increase in the mean SPC heights from October 29 to November 9 can be 
related to the big temperature drop between those dates since other weather conditions 
are quite similar. During the October acquisition, the temperature recorded was 10
o
 C. 
During the November acquisition, the temperature recorded was -1
o
 C which 
decreased the dielectric constant of the forest, and as a consequence, reflection from 
canopy and the SPC heights were increased. 
The observation that average SPC height is always lowest for mixed forest does not 
contradict with the observations about temporal variations since average SPC height 
is affected by individual tree heights and the density of the forest. Mixed forest of the 
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test site can be sparser than coniferous and deciduous or can be denser with lower 
individual tree heights. However, it is not possible to deduct the exact reason. 
Mean penetration depth was another parameter that is examined. Table 5.4 and its line 
format equivalent Figure 5.10 present the result of the analysis. 
 
Table 5.4 Mean penetration depths [m] with respect to SAR acquisition date and 
forest class (HH-pol). 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 2.52 3.63 6.01 6.77 6.3
Forest Class Coniferous 5.01 5.77 7.32 7.47 7.34
Mixed 3.68 4.89 6.93 7.39 7.2
Date of Acquisition
 
 
 
 
Figure 5.10 Mean penetration depths [m] with respect to SAR acquisition date and 
forest class (HH-pol). 
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Figure 5.10 and Table 5.4 show that: 
- The average penetration depth into canopy is lowest for September 4 and 
highest for October 29 acquisitions for all forest classes. 
- There is a gradual increase in average penetration depths from September 4 
until October 29, and a small decrease from October 29 to November 9. 
- Average penetration depth for coniferous forest is always the highest within 
the forest classes on each acquisition. It is always the lowest for deciduous 
forest, and for mixed forest, it is in between the values of deciduous and 
coniferous forest. SPC height and penetration depth are independent 
parameters, results about penetration depth statistics do not contradict with 
SPC height statistics.  
- The biggest change in the mean penetration depths occurred in the interval 
between September 15 and October 18. 
- The highest increase (4.25 meters) in the mean penetration depth is observed 
for deciduous forest, the lowest increase (2.46 meters) belongs to coniferous 
forest and the increase in mixed forest mean penetration (3.70 meters) comes 
in the middle (in the time interval between September 4 and October 29). 
- Differences in the mean penetration depths of classes are highest at September 
4, and then it gradually decreases until October 29. 
The pattern observed in the temporal variations of mean penetration is in total 
agreement with the temporal variability of the SPC height statistics. Leaf-on 
conditions of early September and middle September resulted in lower penetration 
depths since the X-band SAR signals are strongly attenuated by the leaves and 
needles. Again the mean penetration depth variation for all classes is highest from 
September 4 to October 18 which indicates that major part of leaf or needle drop 
occurred in this interval. Deciduous forest has the most sensitive penetration depth 
statistics since it is the class most affected by leaf drop. Coniferous forest penetration 
depth has the lowest temporal variations as expected. One interesting observation 
about the average penetration depth is that, even though deciduous forest loses its 
leaves during autumn, the average penetration is still lower than that for coniferous 
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forest in November acquisition. This observation suggests that the deciduous forest in 
the test site is relatively dense and branches are effective scattering elements in 
absence of leaves. The accuracy of penetration depth statistics are also affected by the 
accuracy of the CLC2006 database as observed in SPC height statistics. 
The final parameter analyzed for HH-pol SAR data is the relative location of SPC to 
the treetop. Assuming LIDAR measured CHM is 100% accurate, the treetop heights 
are directly taken from LIDAR CHM. SPC heights, on the other hand, directly comes 
from the CHMs presented in Figures 5.3 – 5.7. This ratio is useful to analyze since it 
is directly related to the structure and the specie of the forest. Also, it provides a better 
opportunity to making comparisons between forest classes. Figure 5.11 and Table 5.5 
show the outcome of the temporal variation analysis.  
 
Table 5.5 Mean relative location of SPC to the treetop with respect to SAR 
acquisition date and forest class (HH-pol) 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.874 0.799 0.639 0.589 0.626
Forest Class Coniferous 0.71 0.662 0.558 0.548 0.557
Mixed 0.794 0.715 0.576 0.546 0.559
Date of Acquisition
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Figure 5.11 Mean relative location of SPC to the treetop with respect to SAR 
acquisition date and forest class (HH-pol). 
 
Figure 5.11 and Table 5.5 show that: 
- The average relative location of SPC to the treetop is highest for September 4 
and lowest for October 29 acquisition for all forest classes. 
- For all forest classes, gradual decrease in the parameter is observed from 
September 4 until October 29. There is a small increase from October to 
November acquisition. 
- For all acquisitions, deciduous forest yield highest mean relative location of 
SPC to the treetop and coniferous forest yield the lowest. In September 
acquisitions, the parameter for mixed forest is almost the average of deciduous 
and coniferous parameters; however in October and November acquisitions, 
the parameter is almost the same for mixed and coniferous forest. 
- Highest variation in mean relative location of SPC to the treetop took place in 
the interval between September 15 and October 18. 
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- The highest decrease (28.47%) in mean relative location of SPC to the treetop 
is observed for deciduous forest, lowest decrease (17.16%) belongs to 
coniferous forest and the decrease in mixed forest parameter (24.74%) is 
between them (between September 4 and October 29). 
- Within the forest classes, highest differences between parameters are observed 
in September 4 acquisition and the lowest in October 29. 
Results are totally in agreement with the variations observed in SPC height and 
penetration depth statistics. The phenomenon behind the variations is basically the 
same for each parameter analyzed in this section. 
 
5.2 VV-Pol Acquisitions 
 
In this section, the results obtained with VV-pol SAR images are presented and 
discussed. In Subsection 5.2.1 interferometric coherence is the parameter of interest 
and in Subsection 5.2.2 SPC height, penetration depth and relative location of SPC to 
the treetop are the focuses. Also in both subsections, comparison of VV-pol and HH-
pol results are made. 
 
5.2.1 Temporal Variations in Interferometric Coherence with Respect to 
Forest Type 
VV-pol dataset are also processed by the same algorithms and methods with HH-pol 
dataset. Figure 5.12 and Table 5.6 present the temporal changes of average coherence 
with respect to forest classes. Figure 5.13 and Table 5.7, on the other hand, illustrate 
the temporal changes in standard deviation of the coherence magnitude depending on 
the forest classes. 
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Table 5.6 VV-pol mean of coherence magnitude with respect to forest class and date 
of acquisition 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.895 0.83 0.851 0.875 0.864
Forest Class Coniferous 0.862 0.814 0.825 0.846 0.832
Mixed 0.884 0.822 0.843 0.866 0.854
Date of Acquisition
 
 
 
Fig 5.12 VV-pol mean of coherence magnitude with respect to forest class and date 
of acquisition. 
 
Table 5.7 Standard deviation of coherence magnitude with respect to forest class 
and date of acquisition. 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.043 0.072 0.042 0.032 0.036
Forest Class Coniferous 0.062 0.084 0.061 0.055 0.063
Mixed 0.051 0.079 0.051 0.044 0.046
Date of Acquisition
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Fig 5.13 VV-pol standard deviation of coherence magnitude with respect to forest 
class and date of acquisition. 
 
Compared to the HH-pol results, the exactly the same observations can be made about 
the observed temporal variations with respect to each forest class. For each 
acquisition and for each forest class, the difference in VV-pol and HH-pol averages 
are very small (maximum ~ 0,004). Mostly, VV-pol mean coherence values are 
higher and standard deviation values are lower than HH-pol. However, it is not clear 
that whether the differences are caused by different volume decorrelation           or 
the target-independent decorrelation                                  . 
 
5.2.2 Temporal Variations in SPC Height and Related Statistics with 
respect to Forest Type 
As already done for HH-pol dataset, five sets of VV-pol TanDEM-X/TerraSAR-X 
data are processed with the same interferometric methodology. CHM for each set is 
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obtained. CHM obtained by each VV-pol data has shown very similar properties with 
its twin HH-pol data. Therefore, the same comments about the HH-pol CHMs (see 
Page 59) can be made for VV-pol CHMs. Differences between HH-pol and VV-pol 
CHMs are to be made clear after comparing the SPC height statistics. VV-pol CHMs 
are presented in Figures 5.14 - 5.18. 
 
 
Figure 5.14 CHM (VV-pol) retrieved by the data obtained on September 4, 2011. 
Unit of the colorbar is meters. 
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Figure 5.15 CHM (VV-pol) retrieved by the data obtained on September 15, 2011. 
Unit of the colorbar is meters. 
 
Figure 5.16 CHM (VV-pol) retrieved by the data obtained on October 18, 2011. Unit 
of the colorbar is meters. 
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Figure 5.17 CHM (VV-pol) retrieved by the data obtained on October 29, 2011. Unit 
of the colorbar is meters. 
 
Figure 5.18 CHM retrieved by the data obtained on November 9, 2011. Unit of the 
colorbar is meters. 
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For each VV-pol dataset, the same parameters as in Subsection 5.1.2 are analyzed. 
Table 5.8 and Figure 5.19 show the results of the mean SPC height analysis. Table 5.9 
and Figure 5.20 present the temporal variations in mean penetration depth with 
respect to forest class. Finally, Table 5.10 and Figure 5.21 give the result of relative 
location of SPC to the treetop analysis. 
 
Table 5.8 Mean SPC heights [m] with respect to acquisition date and forest class 
(VV-pol). 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 9.9 9.46 7.43 7.01 7.14
Forest Class Coniferous 9.43 9.05 7.78 7.56 7.43
Mixed 9.22 8.7 7.08 6.66 6.72
Date of Acquisition
 
 
 
Figure 5.19 Mean SPC heights [m] with respect to SAR acquisition date and forest 
class (VV-pol). 
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Table 5.9 Mean penetration depths [m] with respect to SAR acquisition date and 
forest class (VV-pol). 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 2.29 2.89 5.33 5.82 5.53
Forest Class Coniferous 4.64 5.2 6.52 6.8 6.85
Mixed 3.56 4.27 6.19 6.65 6.49
Date of Acquisition
 
 
 
 
Figure 5.20 Mean penetration depths [m] with respect to SAR acquisition date and 
forest class (VV-pol). 
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Table 5.10 Mean relative location of SPC to the treetop with respect to SAR 
acquisition date and forest class (VV-pol). 
Sep. 4 Sep. 15 Oct. 18 Oct. 29 Nov. 9
Deciduous 0.887 0.849 0.684 0.652 0.671
Forest Class Coniferous 0.733 0.699 0.61 0.591 0.589
Mixed 0.802 0.755 0.625 0.595 0.605
Date of Acquisition
 
 
 
 
Figure 5.21 Mean relative location of SPC to the treetop with respect SAR 
acquisition date and forest class (VV-pol). 
 
Figures 5.19-5.21 and Tables 5.8-5.10 illustrate that VV-pol temporal variations in 
three parameters of our interest are almost identical with HH-pol with the exception: 
- For coniferous forest, VV-pol variations in the parameters from October 29 to 
November 9 are in the opposite way of HH-pol variations. Specifically, mean 
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penetration has increased in this time interval for VV-pol acquisitions while it 
has decreased for HH-pol acquisitions. 
For all forest classes and acquisitions: 
- VV-pol mean SPC height is always larger than HH-pol mean SPC height for 
the same acquisition date. The difference between these parameters is the 
lowest for the September 4 acquisition. 
- VV-pol average penetration depth is always higher than HH-pol average 
penetration depth for the same SAR acquisition. 
- VV-pol mean relative location of SPC to the treetop is always higher than the 
HH-pol equivalent for the same SAR acquisition. 
VV-pol signals are attenuated more by the forest canopy and also specular scattering 
of ground surface at HH polarization is stronger than that at VV polarization since 
Fresnel reflection coefficient is positive at VV polarization before the incidence angle 
becomes the same with Brewster angle whereas it is negative for HH polarization 
[24], therefore higher SPC height is expected for VV polarization. Our results 
confirmed the phenomenon. Another observation about the differences between VV-
pol and HH-pol statistics is that the highest statistical variations during the time 
interval between the first and the last acquisition are observed in HH-pol retrieved 
parameters. Below, for each forest class, the highest changes in the relevant 
parameters are presented which were mostly observed between September 4 and 
October 29 acquisitions: 
For coniferous forest: 
- VV-pol highest decrease in mean SPC height is 1.99 meters. 
- HH-pol highest decrease in mean SPC height is 2.17 meters. 
- VV-pol highest increase in mean penetration is 2.21 meters. 
- HH-pol highest increase in mean penetration is 2.46 meters. 
- VV-pol highest decrease in mean relative location of SPC to the treetop is 
15.44%. 
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- HH-pol highest decrease in mean relative location of SPC to the treetop is 
17.16%. 
For deciduous forest: 
- VV-pol highest decrease in mean SPC height is 2.88 meters. 
- HH-pol highest decrease in mean SPC height is 3.44 meters 
- VV-pol highest increase in mean penetration is 3.52 meters. 
- HH-pol highest increase in mean penetration is 4.25 meters. 
- VV-pol highest decrease in mean relative location of SPC to the treetop is 
23.45%. 
- HH-pol highest decrease in mean relative location of SPC to the treetop is 
28.47%. 
For mixed forest: 
- VV-pol highest decrease in mean SPC height is 2.56 meters. 
- HH-pol highest decrease in mean SPC height is 3.03 meters. 
- VV-pol highest increase in mean penetration is 3.09 meters. 
- HH-pol highest increase in mean penetration is 3.70 meters. 
- VV-pol highest decrease in mean relative location of SPC to the treetop is 
20.7%. 
- HH-pol highest decrease in mean relative location of SPC to the treetop is 
24.74%. 
All parameters showed higher temporal variations for HH-pol SAR CHM than VV-
pol. Therefore it can be concluded that HH polarization is more sensitive to the 
changes in the forest canopy such as leaf or needle drop. For mapping temporal 
variability, forest classification algorithms and such applications, HH-pol SAR data 
include more distinctive information than the VV-pol. 
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6. Conclusions and Future Work 
In the final chapter of the thesis, conclusions are presented at Section 6.1 and some 
suggestions about future work are made on Section 6.2. 
 
6.1 Conclusions 
 
The thesis work intended to explore the capability of X-band spaceborne 
interferometric radar to monitor temporal variability in forest. To this end, 5 sets of 
dual polarimetric (HH/VV) TanDEM-X CoSSC products were interferometrically 
processed. For each set, Canopy Height Model (CHM) was derived from 
interferometric coherence phase using LIDAR Digital Terrain Model (DTM) as the 
auxiliary data. Using the LIDAR CHM and the land cover CLC2006 data, temporal 
variations in average Scattering Phase Center (SPC) heights, penetration depths and 
relative location (ratio) of SPC to the treetop were mapped with respect to coniferous, 
deciduous and mixed forest classes.  
For each forest class, the mean SPC height and its relevant location to the treetop was 
found to be decreasing from early September until late October. Since penetration 
depth and SPC heights are inversely proportional parameters, mean penetration was 
increasing in this interval. For all acquisitions during autumn 2011, the mean 
penetration into coniferous forest was higher than that into deciduous and mixed 
forest. The highest variation in SPC height and other statistics were observed in the 
time interval between the acquisitions on September 15 and October 18 which 
indicated that major leaf/needle drop and color change took place in this interval. For 
each time interval between consecutive acquisitions, the highest changes in the 
statistics were observed for the deciduous class which shows it is the most affected 
class by temporal variations (least for coniferous class).  Results mentioned above 
were the same for HH and VV polarization modes. However, in all acquisitions and 
for each forest class, VV-pol mean SPC height and relevant location of SPC to the 
treetop were higher than HH-pol statistics and as expected, mean penetration depth 
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was highest for HH-pol acquisitions. Also, higher temporal variations in these 
statistics were observed for HH-pol data. 
Coherence amplitude statistics, on the other hand, did not show dependence on the 
time during autumn. However, mean coherence of deciduous forest was always higher 
than coniferous and mixed classes. Coniferous forest mean coherence was found to be 
the lowest in all acquisitions and polarizations. Also, standard deviation of coherence 
was always highest for coniferous and lowest for the deciduous classes. 
It has been found that it is possible to observe temporal variability of forest with X-
band spaceborne interferometric radar of TanDEM-X mission. Dependencies of the 
coherence amplitude, SPC height, penetration depth and relevant SPC location 
statistics were successfully determined with respect to the forest classes. The results 
of the thesis mostly suited the theory and other research considering the 
interferometric coherence, SPC and penetration statistics. Specifically, in [19], it was 
demonstrated that coherence of deciduous forest is always higher than that for 
coniferous and mixed forest for a Finnish territory. In simulations [24], for stands 
with trees of the same height and number, mean penetration into coniferous stand was 
higher than that into deciduous stand. Theory [25], simulations [24] and the results 
obtained with some other TanDEM-X data [37] claimed that VV-pol signals are more 
attenuated than the HH-pol signals therefore resulting less penetration into the 
canopy.  
The results about coherence amplitude statistics could not be explained with temporal 
dependencies since other factors were affecting the SAR system. Also, no 
straightforward relation is found between coherence amplitude and SPC statistics.  
Some factors directly influenced the accuracy of our analysis. The most important of 
all was the accuracy and the resolution of the CLC2006 land cover database. In 
comparison to 2 x 2 meters resolution of radar data, the resolution of land cover map 
was 25 x 25 meters. Also, it has been stated that accuracy of forest classification was 
less than 70%. Second, there was almost a three year difference between radar and 
LIDAR acquisitions and a five year difference between radar and land cover data. In 
this period, forest is expected to grow and also some harvesting activities could be 
made. Third, radar data was affected by noise and therefore 15 x 15 averaging 
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window was applied for the interferometric coherence calculation. Finally, two-
dimensional interpolation was applied to the radar data in order to fill the empty 
pixels which were originated from coordinate system transformation. However, the 
number of empty pixels was comparably small, so it is not expected to distort our 
results as much as other factors. Objectives of the thesis were focused on temporal 
changes in average values over a big test area, thus the aforementioned factors did not 
constitute a big problem for the analysis. 
 
6.2 Future Work 
 
Future work should consider the following suggestions: 
- A land cover database with better accuracy and resolution should be used. 
- Radar, reference and auxiliary data should be acquired on relatively close 
times.  
- Height of ambiguity is defined as the altitude difference that generates an 
interferometric phase change of 2  radians after flat earth phase removal [31]. 
According to [36] the relative phase error from distributed scatterers is directly 
proportional to the height of ambiguity. The data used in this thesis have the 
height of ambiguity values between 170 and 302 meters.  Higher baseline 
TanDEM-X data is required to reduce the height of ambiguity and therefore 
the noise in the final digital elevation model. 
- Instead of transferring radar data into UTM coordinates, reference and 
auxiliary data can be transformed into radar slant range coordinates. 
The results of the thesis indicate that there is a possible option to use the retrieved 
parameters and observed temporal variations in land cover classification since 
dependencies of those parameters on forest classes and also the temporal variations 
have shown distinct characteristics. 
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